We have determined that HSV causes rapid and large increases in cell-cycle-regulated free E2F and S-phase p107/E2F DNA binding activities in asynchronous cultures of C33A cells. Induction occurred by 4 hr postinfection and coincided with the appearance of viral encoded immediate-early and delayed-early proteins, i.e., when viral DNA replication normally commences. No increase in E2F activities occurred when cells were infected with viruses expressing mutant regulatory proteins ICP4 or ICP27, or mutant replication proteins ICP8, pol or helicase, or when cells were infected with wild-type virus in the presence of inhibitors of DNA synthesis. In contrast, ICP8 mutant-infected cells contained elevated amounts of NFkB activity equivalent to WT virus, no induction of Sp1 relative to WT virus, and reduced ATF/CREB activity relative to WT virus. Results of transient expression assays with E2F-responsive reporters indicated that the net effect of induction of both active (free E2F) and repressive (p107/E2F) complexes was a decrease in AdE2 promoter activity and an increase in c-myc promoter activity. Taken together these results suggest that HSV can cause unscheduled changes in the amount and functional status of a cell-cycle-regulated transcription factor. These results are discussed in light of possible roles for viral-induced alterations in E2F, especially as related to imposing or overriding cell-cycle checkpoints. ᭧ 1995 Academic Press, Inc.
Following primary infection of mucosal epithelium, and contact of the heteromeric complex with a TAF within TFIID. An alternative mechanism of IE gene regulation, HSV enters peripheral sensory nerve endings and estabwhich may have relevance during reactivation from lalishes a latent infection in neurons of dorsal root ganglia. tency, involves one or more cellular functions expressed Infrequently, reactivation of the latent genome is trigin G 0 /G 1 which complement for the absence of ICP0-gered, productive replication ensues within neurons, and mediated functions (Ralph et al., 1994) . Though promotprogeny viruses are transported back to the epithelium ers of DE genes contain upstream cis-acting sites for where subsequent rounds of replication occur (Roizman cellular transcription factors such as Sp1 or CCAAT box and Sears, 1990) . Productive replication by HSV, as debinding proteins, induced expression of DE genes apfined in tissue culture models of asynchronously dividing pears to only depend on the integrity of the TATA box cells, is characterized by the temporal expression of proand the IE regulatory protein ICP4. Expression of leakyteins (Honess and Roizman, 1974) encoded among the L (g1) genes does not stringently depend on viral DNA over 70 known genes of HSV (Chou and Roizman, 1986;  synthesis, though the normal transition from low expres- McGeogh et al., 1986 McGeogh et al., , 1988 . Conventionally, the kinetic sion prior to DNA replication to maximal after the onset classes of viral genes and their functions are referred to of DNA replication relies on TATA box and transcribed as immediate-early (IE or a) regulatory, delayed-early (DE leader sequences (Huang et al., 1993) . Efficient promoter or b) DNA replication, and late (L, or g1 and g2) structural activity also depends on cis-acting upstream sequences and assembly. (Mills et al., 1994) . Detectable expression of true L (g2) Induction of IE gene expression is well understood genes depends on the onset of viral DNA synthesis. Proand involves interaction of a tegument component of the moter elements which mediate regulated expression of L virion, VP16, with the cellular transcription factor OctI.
genes generally consist of a TATA box and downstreamThis results in enhanced binding of the heteromeric comactivating sequences (DAS), from near the transcription plex to cognate OctI DNA binding sites in IE promoters start site and extending a variable distance into transcribed nontranslated sequences of the genes. The nature of trans-acting factors that bind to L gene promoter
In dividing cells, HSV DNA replication occurs as DE traub et al., 1992; Zamanian and LaThangue, 1992 ; Zhu et proteins accumulate and coincident with inhibition of celal., 1993) , while free E2F appeared to mediate promoter lular DNA replication (Roizman and Roane, 1964) . Infecactivation (Bagchi et al., 1989; Yee et al., 1989 ; Dynlacht tion by HSV has also been shown to prevent cells that et al., 1994) , and (iv) that overexpression of p107 or pRB are in G 1 from entering S phase (de Byrn Kops and Knipe, growth arrested cells in G 1 , dependent on their ability to 1988). Based on the foregoing observations on regulation bind E2F (Hinds et al., 1992; Zhu et al., 1993) . Thus E1A of viral gene expression and effects on cell DNA synthecould both activate a transcription factor critical for lytic sis, it seemed reasonable to investigate whether HSV viral replication and alter the regulation of one or more has a concerted effect on mechanisms which regulate cell-cycle checkpoints by disrupting protein-protein incell-cycle progression. Altering these regulatory mechateractions normally regulated by cell-cycle-dependent nisms might be expected to effect the functional state of phosphorylation of pRB. The transformation/replication cellular transcription factors, the synthesis or activation proteins E7 of human papillomavirus (HPV) and T-Ag of of replication/repair factors, or the synthesis of cellular SV40 also contain E1A CR-2-like domains critical for DNA. To investigate alterations in cell-cycle-regulated binding to pRB and release of E2F (Chellappan et al ., functions we chose to focus on the effects of HSV on 1992; Pagano et al., 1992) . the cellular transcription factor E2F.
Because E2F forms complexes with other cellular pro-E2F was first identified in studies of adenovirus E1A-teins in a cell-cycle-regulated fashion, it also represents regulated gene expression, by virtue of its ability to bind a convenient marker for G 0 , G 1 , and S phases (Mudryj to sites within the promoter of and to activate expression et al., 1991; Cobrinik et al., 1993; Schwarz et al., 1993) . of the Ad E2 gene (Kovesdi et al., 1986; .
An E2F-4-p107 DNA binding complex containing cdk2 E2F is in fact a collection of heterodimeric transcription and cyclin E accumulates in G 1 ; Beijersfactor complexes, each consisting of one of five distinct bergen et al., 1994; Ginsberg et al., 1994) . This is followed E2F family member subunits in combination with one by the appearance of a similar complex, containing cyclin of two DP family member subunits (for a review, see A, at the G 1 /S boundary and persisting into S (Devoto et LaThangue, 1994) . Cellular targets of E2F have been al., 1992; Schwarz et al., 1993) . The induction of a comidentified and include a number of genes implicated in plex similar if not identical to the S-phase-specific comcell-cycle progression whose normal expression is either plex has been described in CMV-infected cells (Wade confined to G 1 or otherwise associated with DNA replicaet al., 1992) . A second type of cell-cycle-specific comtion during S phase. These include the myc and myb plex, E2F-pRB, consisting primarily of E2F-1, -2, or gene families, cyclin A, DHFR, thymidylate synthase, -3/DP-1 heterodimers (Lees et al., 1993) was detected in PCNA, DNA polymerase a, deoxycytidine kinase, and serum-stimulated cells entering S phase (Mudryj et al., cdc2 kinase (Nevins, 1992; DeGregori et al., 1995) . At the 1991; Schwarz et al., 1993) . A third type of activity, origisame time, studies focusing on the mechanism of cellular nally termed complex X (Chittenden et al., 1993) was transformation mediated by adenovirus E1A had identidetectable during G 0 and early G 1 and represents E2F-4 fied amino acid sequences within the E1A conserved or -5/DP heterodimers (Hijmans et al., 1995; Vairo et al., region 2 (CR2) as responsible for interaction with several 1995) in complex with the p107-related protein, p130 (Cocellular proteins (Giordano et al., 1991; Harlow et al., brinik et al., 1993) . Free forms of E2F begin accumulating 1986; Pines and Hunter, 1990) . Among these E1A-associat the end of G 1 and also persist into S phase (Schwarz ated proteins were the product of the retinoblastoma et al., 1993). susceptibility gene, pRB, a related protein p107 (Dyson In light of findings summarized above, which identified et Whyte et al., 1988 , cyclin A (Pines E2F within cell-cycle-regulated heteromeric complexes, and Hunter, 1990) , and the cyclin-regulated kinase, cdk2 studies were initiated to determine whether HSV infec- (Giordano et al., 1991; Hu et al., 1992; Lees et al., 1992) . tion alters the amount or type of E2F-dependent gel moAn understanding of the relationship between replicative bility shift activities and the functional status of E2F activand transforming functions of E1A occurred when it was ity. We present results of experiments indicating that (1) demonstrated that (i) E2F-pRB complex formation was HSV rapidly induces S-phase-specific E2F DNA binding regulated by the phophorylation state of pRB (Cao et al., activities, (2) induction involves expression of at least 1992; Chellappan et al., 1991;  three viral-encoded regulatory proteins whose common Shirodkar et al., 1992) , (ii) that E1A could release and target is viral DNA replication, and (3) the consequence take the place of E2F in these complexes (Bagchi et al., of inducing both free (active) and heteromeric (repres-1990; Bandara and LaThangue, 1991; Chellappan et al., sive) E2F is dependent on the promoter context of the 1991, 1992; , (iii) that pRB or p107 E2F site. Possible reasons for unscheduled increases in could suppress E2F-responsive promoters (Arroyo and free and S-phase E2F activities following HSV infection Raychaudhuri, 1992; Flemington et al., 1993; Hamel et al., 1992; Hiebert et al., 1992; Schwarz et al., 1993 ; Weinwill be discussed.
MATERIALS AND METHODS mutations in the ATF site (ATF 0 ), the pE2F site (pE2F 0 ), the pE2F, and ATF sites (ATF 0 pE2F 0 ), or both E2F sites Cells and virus (E2FX2 0 ). C-33 A cells (ATCC HTB31) were derived from a human E2F gel mobility assay cervical carcinoma and lack HPV sequences and express a mutated pRB (Scheffner et al., 1991) . Monolayer DNA-protein complexes were formed in buffer concultures were maintained in Dulbecco's modified Eagle sisting of 20 mM HEPES, pH 7.6, 40 mM KCl, 0.1 mM medium plus glucose (DMEM-H) supplemented with 10% EGTA, 1 mM EDTA, and 0.8 mM dithiothreitol. The comfetal calf serum. Herpes simplex virus type 1 (HSV-1) plete reaction mixture contained 2-3 mg of salmon strain KOS and strain mutants were used at a multiplicity sperm DNA (Sigma), 20 1 10 3 cpm (approx 0.1 ng) of of 5-10 plaque-forming units (PFU) per cell. Viral muend-labeled probe DNA, and 2-4 mg of protein extract tants, and their properties are summarized in Table 1. in a total of 30 ml and was incubated for 20 min at room temperature (rt). Monospecific or monoclonal antibodies Preparation of cell extracts were assayed for their ability to either alter the mobility of or disrupt complexes by preincubation with extract on Nuclear extracts (Dignam et al., 1983) for gel mobility ice for 20 min prior to addition of specific probe seassays were prepared at 16 hr postinfection (p.i.), unless quences and further incubation at rt for 20 min. The efotherwise indicated. Buffers used were supplemented fects of disrupting protein-protein interactions on gel with 1 mM each of protease inhibitors leupeptin and pepshift activities were determined by preincubating extract statin. Nuclear extracts were also prepared by a rapid for 20 min at 4Њ in 0.8% deoxycholate, followed by addition lysis protocol. Cells from a 100-mm dish were washed of NP-40 to 1.2%. An aliquot of the treated extract was twice with ice-cold PBS and resuspended in 200 ml of added to a reaction mix containing probe DNA and fur-CE buffer (10 mM HEPES, pH 7.6, 1 mM EDTA, 60 mM ther incubated for 20 min at rt. Aliquots of binding assays KCl, 1 mM DTT, 0.1% NP-40, and a cocktail of inhibitors were fractionated at 4Њ on nondenaturing 4% acrylamide consisting of 1 mM PMSF, 0.4 mM NaF, 0.4 mM Na 3 VO 4 , gels prepared in 0.251 TBE (11 TBE is 10 mM Tris 10 mM leupeptin, and 10 mM pepstatin) and incubated base, pH 8.3, 9 mM boric acid, 2 mM EDTA). Gels were on ice for 4 min. Nuclei were pelleted at 1500 RPM in transferred to 3MM paper, dried under vacuum and heat, the cold and washed once in CW buffer (identical to CE and exposed to XAR film with intensifying screens buffer but without NP-40). The cytoplasmic extract was at 070Њ. incubated for 10 min on ice with 0.75% deoxycholate, debris was removed by centrifugation at 12,000 RPM for Detection of Sp1 and NFkB DNA binding activities 10 min at 4Њ, and the resulting supernatant was stored at 070Њ. Nuclei were again pelleted at low speed in the Nuclear extracts were assayed for levels of NFkB and cold and resuspended in 200 ml or less of NE buffer (20 Sp1 DNA binding activities exactly as described premM Tris-HCl, pH 8.0, 420 mM NaCl, 1.5 mM MgCl 2 , viously (Baldwin et al., 1991; Yurochko et al., 1995) . For 0.2 mM EDTA, 25% glycerol, and the inhibitor cocktail detection of NFkB, extracts were incubated with a radiocontaining 0.5 mM PMSF). Nuclei were incubated for 10 labeled probe containing the binding site from class I min on ice with occasional mixing and then pelleted for MHC, TGGGGATTCCCCA, in buffer containing 10 mM 10 min at 15,000 RPM in the cold. The resulting supernaTris-HCl (pH 7.9), 50 mM NaCl, 0.5 mM EDTA, 10% glyctant was dialyzed for 2 hr at 4Њ against 20 mM HEPES, erol, 1 mM DTT, and 2 mg of poly(dIdC)
• (dIdC). For detecpH 7.9, 75 mM KCl, 0.2 mM EDTA, 0.5 mM DTT, 10% tion of Sp1, extracts were incubated with a radiolabeled glycerol, and the inhibitor cocktail containing 0.1 mM probe containing a wild-type GC box (CCTTTTTAAGGG-PMSF. Dialyzed nuclear extract was spun at 10,000 RPM GCGGGGCTT), in a DNA binding buffer consisting of 10 in the cold to remove any precipitate and then stored mM Tris-HCl, 50 mM NaCl, 0.5 mM EDTA, 10% glycerol, at 070Њ. 1 mM DTT, 7.5 mM MgCl 2 , and 0.1 mg poly(dIdC)
• (dIdC). For detection of ATF/CREB activities, extracts were incu-E2F probes bated with the E2FX2 0 Ad E2 probe under standard E2F reaction conditions. Detection of E2F-dependent gel shift activities utilized adenovirus E2 promoter sequences consisting of proxiDetection of proteins mal and distal E2F binding sites (pE2F and dE2F) and a binding site for the cellular transcription factor ATF (Fig. Aliquots of whole cell, cytoplasmic, or nuclear extracts were denatured by boiling in sample buffer (Harlow and 1A) . Gel shift probes were labeled by a fill-in reaction at a BglII site (030) and excised from E2 promoter-CAT Lane, 1988), electrophoresed on SDS-PAGE gels, and electroblotted onto PVDF paper. After blocking in 3% milk, reporter constructs (Loeken and Brady, 1989 ) by digestion at a XbaI site (085). Additional probes contained proteins were detected by incubation with polyclonal or monoclonal antibodies, secondary incubation with a proto induce E2F activities is described below.) The increase in E2F-dependent gel shift activities coincided with maxitein A-horseradish peroxidase conjugate, and detection on X-ray film by light emission from the oxidation of lumimum accumulation of immediate-early viral proteins ICP4 and -27, and the delayed early viral protein ICP8 and nol (DuPont NEN Renaissance).
with the first detectable accumulation of the early-late protein ICP35. The identification of ICP27 was confirmed Transient expression assays by failure to detect the protein in extracts of mutant d27-Target plasmids in transient expression assays con-1-infected cells. Identification of ICP8 was corroborated tained the chloamphenicol acetyltransferase (CAT) gene by detection of a truncated ICP8 (arrow) in extracts from fused to E2 wild-type or mutant promoter sequences as d301-infected cells. Overaccumulation of ICP4 and undescribed above (Loeken and Brady, 1989) or minimal deraccumulation of ICP35 in virus mutant extracts was promoter sequences from the c-myc gene as described also consistent with the phenotypes of these viruses (see previously . Monolayers of C-33A below and Table 1 ). cells at 75-80% confluence were transfected by the calcium phosphate procedure (Gorman et al., 1982) with 10 Free and heteromeric E2F complexes mg of plasmid DNA. After 24 hr, cells were either mock are induced by HSV infected or infected with virus and extracts prepared after an additional 24 hr and assayed for CAT enzyme activity
To determine the nature of E2F-dependent activities (Gorman et al., 1982) .
induced by HSV, nuclear extract from infected cells was incubated with a monoclonal antibody against cdk2 (Fig.  RESULTS 2A, lane 2), or monospecific rabbit antisera against cyclin A and p107 (lanes 4 and 5) prior to addition of labeled E2F-dependent gel shift activities are induced after probe DNA. Incubation with antibodies resulted in either HSV infection supershifting or disruption of an activity designated p107/ E2F (band 1 in Fig. 1 ), identical to activities described as In an initial experiment, we determined the effects of HSV infection on E2F-dependent DNA binding activities appearing either at the onset of S phase (Cao et al., 1992; Devoto et al., 1992; Shirodkar et al., 1992) or after as a function of time postinfection. Replicate cultures of C33-A cells were either mock infected or infected with infection with cytomegalovirus (Wade et al., 1992) . In addition, a p130 antibody did not effect the mobility of any wild-type (WT) virus, and nuclear extracts were prepared at times between 2 and 10 hr postinfection. At least 6 of the activities described here (M.J.H. and S.L.B., unpublished observations). An increase in ''free'' E2F activity as distinct gel shift bands are readily apparent. Compared to uninfected cell extract, these gel shift activities had cells enter S phase has previously been noted (Schwarz et al., 1993) , and we observed an increase in two gel declined by 2 hr p.i., increased dramatically between 2 and 4 hr p.i., and remained high throughout the remainder shift activities, E2F and E2F R (bands 3 and 4 in Fig. 1B ) that have properties of free E2F. First, both were unafof the time course (Fig. 1B , lanes 1-6). Bands NS and NS-L were judged nonspecific since they were not comfected by incubation with antibodies against p107, cyclin A or cdk2, but were efficiently competed by an E2F oligopeted by unlabeled oligonucleotide containing E2F binding sites (see Fig. 2 ), and persisted when the E2F sites nucleotide (lane 7). Second, the activity designated E2F in Fig. 2 corresponded in mobility to free E2F detected in the probe were mutated (Fig. 3A , lane 2). Although these two bands were detected to variable extents in in cells infected with the adenovirus E4 mutant dl366 (S.B., unpublished observations). Third, these activities extracts, band NS was usually less apparent in infected extracts, while the appearance of band NS-L was depenwere not detected with a DNA probe in which both E2F sites were mutated (see below, Fig. 3 ). Experiments to be dent on viral late gene expression (see Fig. 4 ). Gel shift activities 1-4 were further characterized (see below, presented below also indicate that detergent treatment of extracts results in disruption of p107/E2F activity and an Fig. 2 ).
To determine how the time of induction of E2F activiincrease in the amount of E2F but not of E2F R activity (Fig. 3 ). Although we cannot exclude the possibility that ties compared to the temporal program of HSV gene expression, samples of extracts were fractionated by E2F R is a breakdown product of E2F which still retains DNA binding activity, it is more likely that E2F and E2F R SDS-PAGE, Western blotted, and probed with antibodies to representative IE, DE, and L proteins (Fig. 1C) . In addirepresent heterodimers of differing subunit composition (Huber et al., 1993) . The activity designated as band 2 in tion, samples of extracts from cells infected with either the ICP27 null mutant, d27-1 (Rice and Knipe, 1990 ), or Fig. 1 was competed when extract was incubated with unlabeled E2F competitor DNA (Fig. 2, lane 7) but was the ICP8 deletion mutant, d301 (Gao and Knipe, 1989) , and harvested at 10 hr p.i. were assayed. (These and not affected by incubation with antibodies against p130 or E2F-4 (M.J.H. and S.L.B., unpublished observations), other mutants are described in Table 1 , and their ability The adenovirus E2 promoter consists of a TATA-like sequence, proximal and distal binding sites for E2F (pE2F and dE2F), and a binding site for ATF/CREB. Gel shift probes were labeled by linearization and a fill-in reaction at a BglII site and excised from E2 promoter CAT reporter constructs (Loeken and Brady, 1989 ) by digestion at an XbaI site. Additional probes used were mutated at the ATF site (ATF (Table 1) ; lane 8, extract from 10-hr infection with the ICP8 mutant d301 (Table 1). or when extracts were incubated with DOC (Fig. 3) . Since its precise nature remains obscure, we have designated it as X.
Notable was the failure of the anti-cyclin A antibody to completely affect the p107/E2F activity ( Fig. 2A, lane  4) . To determine the nature of this residual p107/E2F activity and of the corresponding activity in uninfected cell extracts, we compared the effects of cyclin E and cyclin A antibodies on p107/E2F (Fig. 2B) . The cyclin E antibody largely eliminated the p107/E2F activity found in the uninfected cell extract while only affecting the lower portion of the activity detected in extracts from infected cells (cf. lanes 2 and 6). In contrast, cyclin A antibody had little detectable effect on p107/E2F from uninfected cells, but eliminated the greater part, and slower mobility component, of the infected cell p107/E2F activity (lanes 3 and 7). Incubation of either extract with both antibodies eliminated all the p107/E2F activity (lanes 4 and 8). A p107/E2F activity containing cdk2 and cyclin E has been as arising early in G 1 , prior E2F and p107/E2F complexes: Infected C33 nuclear extracts were preto the appearance of the p107 complex containing cyclin incubated with (lanes 2, 4, and 5) or without (lanes 1 and 3) specific A at the G 1 /S phase boundary. We conclude that the antisera as indicated, or a 50-fold molar excess of E2F site competitor p107/E2F activity induced by HSV corresponds largely if DNA (lane 6), prior to incubation with labeled probe in a standard DNA binding assay. Designations for E2F-specific activities are explained not exclusively to the late G 1 /S phase complex containing in the text. (B) p107-cyclin E complex: Uninfected (lanes 1-4) and cyclin A, while the p107/E2F activity detected in unin-HSV-infected (lanes 5-8) C33 extracts were preincubated with antifected cells contains largely cyclin E. This activity has cyclin E (lanes 2 and 6), anti-cyclin A (lanes 3 and 7), or both antibodies properties consistent with the E2F G1 complex described (lanes 4 and 8) prior to incubation with labeled probe DNA. p107/cE: previously (Schwarz et al., 1993) . Because C33A cells p107/E2F activity containing cdk2/cyclin E; p107/cA: p107/E2F activity containing cdk2/cyclin A.
are RB 0/0 , we investigated the ability of HSV to induce sites (E2FX2 0 , lane 2) were mutated. In contrast, detection of these activities did not depend on the presence of both E2F sites acting in cis (pE2F 0 and ATF 0 pE2F 0 , lanes 3 and 4). Band X represents an E2F-dependent activity with preference for the pE2F binding site, since we could detect it in the absence of the ATF/CREB site (lane 1) but not in the absence of both ATF and pE2F sites (lane 4). Nearly coincident in mobility with complex X is an ATF/CREB activity detectable in the absence of the pE2F site (lanes 2 and 3) . In a second experiment (Fig. 3A, lanes 5-8) , and in agreement with previously published studies (Bagchi et al., 1989; Mudryj et al., 1991; Wade et al., 1992) , treatment with deoxycholate (DOC) disrupted p107/E2F activities in both uninfected and infected extracts and increased the amount of free E2F DNA binding activity (Fig. 3A, lanes 5-8) . E2F R persisted but did not increase as a result of detergent treatment. Two additional observations were made from this analysis. First, a significantly greater increase in the amount of free E2F DNA binding activity occurs in uninfected cell extract as a result of detergent treatment than can be accounted for by disruption of the p107/E2F activity. This is consistent with previous results suggesting that E2F may complex with one or more factors which prevent its binding to DNA (Arroyo and Raychaudhuri, 1992) . Alternatively, the increase may reflect the reassortment, following DOC disruption, of E2F and DP family members into complexes with increased average DNA binding affinity. C-terminal, RB binding domain of E2F (aE2F RB , Fig. 3B,  lanes 2 and 3) , supershifted the E2F activity, while another C-terminal antibody (aRBP3, lanes 5 and 6) interp107-E2F and pRB-E2F complexes in U20S and human embryonic lung fibroblasts (HEL) containing a RB /// gefered with the free E2F formation. Both antibodies left the E2F R activity largely intact. The inability of these antinotype. In both cell types, both E2F heteromeric complexes were induced as well as elevated levels of free bodies to disrupt p107/E2F is consistent with p107 complexing with the carboxy-terminal portion of E2F. A third E2F (M. J. Hilton and S. L. Bachenheimer, unpublished observations).
antibody, apepA, with specificity for the amino-terminal portion of murine DP1 (Girling et al., 1993) , was able to We performed a series of experiments to confirm that the DNA gel shift activities detected after HSV infection partially disrupt p107/E2F, E2F, and E2F R . This result is consistent with a report that DP-1 is present in a complex depended on E2F. A gel shift analysis was performed with probes (Loeken and Brady, 1989 ) containing cluswith p107 (Girling et al., 1993) . Although apepA appeared to diminish both E2F and E2F R activities, we do not know tered point mutations in different combinations of transcription factor binding sites found in the Ad E2 promoter whether E2F R is a heterodimer containing DP1 or a DP1-related activity. None of the antibodies had an effect on (Fig. 1A) . In comparison with our standard ATF 0 probe (Fig. 3A, lane 1) , the ability of the probe to detect p107/ activity X. Taken together, these results indicate that gel shift activities induced by HSV share properties of either E2F, X, E2F, and E2F R activities was lost when both E2F free E2F or of E2F heteromeric complexes previously described as present during late G 1 or S phase.
ICP4, ICP27, and ICP8 are necessary for E2F induction by HSV
At least three IE proteins and one DE protein of HSV affect the temporal program of gene expression. Genetic dissection of IE ICP4 identified separable domains required for either binding to DNA and negative regulation of IE promoters, or trans-activation of target DE and L promoters (DeLuca and Schaffer, 1988) . Viruses expressing mutant forms of IE ICP0 have reduced ability to express DE and L proteins in cells following low multiplicity infection, and DNA from such mutants has drastically reduced ability to establish infected cell foci after transfection (Cai and Schaffer, 1989, 1992 (Rice and Knipe, 1990; Rice et al., 1993) , and the negative above the lanes were incubated in a standard DNA binding reaction. Table 1. DE genes occurs at a posttranscriptional level (McCarthy et al., 1989; McLaughlan et al., 1992; Sandri-Goldin and Mendoza, 1992) . The ability to ascribe a transcriptional tion-defective mutant of ICP4 (vi13, lane 5), and the levels role for ICP27 in L gene expression has been compliof other E2F-dependent activities appeared unchanged cated by the drastic effect of ICP27 mutations on DNA or reduced relative to the uninfected extract. Results of replication. Recent reports of Rice and Lam (1994) and infections with ICP8 and ICP27 mutants are presented Hibbard and Sandri-Goldin (1995) , however, indicate that in Fig. 4B . DNA replication-negative ICP8 mutants d301, certain ICP27 mutants which support normal levels of n2, and n10 (lanes 4, 7 and 8) failed to induce E2F activiviral DNA replication have defects in late gene transcripties relative to WT (lanes 2 and 6). The appearance of tion. A DE protein, ICP8, has an obligatory role in viral NS-L nonspecific activity was consistent with leaky-late DNA replication (Challberg, 1986; Conley et al., 1981) , (g1) gene expression by ICP8 mutants (35, and Fig. 1C ). and in the formation of prereplicative sites and their subThe ICP27 mutants d27-1 (lane 3) and n59r (S.L.B., unpubsequent conversion into replication compartments (de lished observations) also failed to induce E2F activities. Bruyn Kops and Knipe, 1988) . ICP8 also participates in These latter viruses either express no ICP27 or only the negative regulation of IE genes (Godowski and Knipe, extreme amino-terminal portion of the protein. 1986), repression of L gene expression from parental genomes (Godowski and Knipe, 1986) , and the positive Viral DNA replication may represent the regulatory regulation of L genes from progeny genomes (Gao and target of ICP4, ICP27, and ICP8 in E2F induction .
Rapid induction of E2F activities following infection The onset of viral DNA synthesis requires the activity of IE regulatory proteins ICP4 and ICP27 and DE DNA with HSV ( Fig. 1) suggested that expression of viral encoded proteins plays a role in this process. We have replication proteins, among them ICP8. Since ICP8 has both regulatory and DNA replication functions, two series identified three of these HSV regulatory proteins as required for induction by analyzing extracts from cells inof experiments were performed to determine the role of DNA replication in E2F induction. In the first, effects of fected with mutant viruses (see Table 1 for mutant viruses and their properties, and Fig. 4) . Expression of mutations in two additional DE replication proteins on E2F induction were determined. Replicate cultures of altered forms of ICP4 which retain ability to regulate HSV gene expression (n208, vi11), or the absence of ICP0 C33-A cells were infected with either WT KOS, or the DNA replication-negative mutants d301, HP66, and B72. expression (dlx3.1), still resulted in p107/E2F, free E2F and E2F R induction (Fig. 4A, lanes 3, 4, and 6 ). In contrast,
Cultures were also infected with pairwise combinations of ICP8, polymerase and helicase mutants, or mock ininduction was not observed after infection with a regula-hydroxyurea (HU) or phosphonoacetic acid (PAA) (Fig. 6,  Table 1 ). From these analyses we conclude that failure to form a complete and functional prereplicative complex or to initiate replication of viral DNA resulted in failure to induce E2F.
True-late gene expression is not required for E2F induction
Previous studies have established that failure to replicate viral DNA results in reduced expression of the g 1 leaky-late proteins and failure to express g 2 true-late proteins (reviewed in Roizman and Sears, 1990) . To eliminate the possibility that failure to induce E2F was related to a failure to express one or more g 2 proteins, we took advantage of an ICP27 mutant, n504 (Table 1) . This virus expresses all but the carboxy-terminal 8 amino acids of ICP27 and supports normal DNA replication and g 1 gene expression but not g 2 gene expression (Rice and Knipe, 1990) . The previously tested ICP27 mutants, n59r and d27-1, are reported to be impaired in DNA replication but support at least limited g 1 protein synthesis. Gel shift analyses were performed (Fig. 6 ) and induction of p107/ E2F was determined by noting the effects of cyclin A antibody. Although the majority of p107/E2F complexes detected in uninfected cells contained cyclin A (lanes 9   FIG. 5 . Viral DNA replication mutants fail to induce E2F activities. Nuclear extracts were prepared from replicate cell cultures, mock infected, infected with wild-type or the individual mutant viruses or with pairwise combinations of the mutants. (A) E2F-dependent gel shift analyses were performed as described previously. (B) Samples of nuclear extracts were fractionated by SDS-PAGE, electroblotted onto PVDF, and probed for ICP8 and gC as described under Materials and Methods.
fected. The results of gel shift assays of extracts prepared from infected cells are presented in Fig. 5A . Single infections of all three mutants failed to induce E2F activities (lanes 3-5) while all pairwise infections resulted in complementation for E2F induction (lanes 6-8). The ability to induce E2F correlated with L gene expression, and thus indirectly DNA replication, as measured by accumulation of the g 2 protein, gC (Fig. 5B) . It is unclear why HP66-infected cells supported limited gC expression; the ICP8 immunofluorescence staining pattern in HP66-infected cells indicated the existence of punctate prereplicative structures, identical to the pattern seen in WTinfected cells in the presence of PAA (S. Knight and S.L.B., data not shown; de Bruyn Kops and Knipe, 1988) . WT virus in the presence of DNA synthesis inhibitors (Rice and Knipe, 1990) Term. @ aa505 DNA syn / /g / 1 , no g 2 n59r (Rice and Knipe, 1990) Term. @ aa60 DNA syn 0 /reduced g 1 , no g 2 ICP8 (1196 aa) d301 aal-264/aa932-1196 DNA syn 0 /reduced g 1 , no g 2 n2 Term. @ aa1033 DNA syn 0 /reduced g 1 , no g 2 n10 Term. @ aa1160 DNA syn 0 /reduced g 1 , no g 2 pol (1235 aa) HP66 (Marcy et al., 1990) and 10), elevated levels of all E2F-dependent complexes are not responsible for the observed changes. It was of were observed in the WT virus extract (lanes 1 and 2) .
interest therefore to determine how infection may have Induction of E2F activities was observed in the n504r effected the levels of other transcription factors relative extract (lanes 7 and 8), while little or no changes in the to E2F. Elevated amounts of NFkB-site binding activities amount of p107/E2F, E2F, and E2F R activities were evihave been observed following infection of human embrydent in extracts from cells infected with WT virus in the onic lung (HEL) and HeLa cells following HSV infection presence of PAA (lanes 3 and 4) or HU (lanes 5 and 6) (Gimble et al., 1988; Rong et al., 1992) . HSV-1 has also when compared to uninfected cell extract. The effectivebeen reported to stimulate the HIV LTR through both ness of the HU and PAA treatments in reducing g 1 gene NFkB and Sp1 sites (Margolis et al., 1992) , although no expression was confirmed by Western blot analysis for g 1 changes in Sp1 DNA binding activity by either gel retarproteins VP16 and ICP35 (M.J.H. and S.L.B., unpublished dation or exonuclease protection assays were observed observations).
( Gimble et al., 1988) . Levels of these DNA binding activiThe similar mobility of uninfected cell and infected cell ties, as well as ATF/CREB transcription factor, were de-E2F activities, coupled with the failure of monoclonal termined by the gel shift assay. Nuclear extracts were antibodies against ICP4 and ICP27 or a polyclonal antiprepared from mock, wild-type, d301 (ICP8) and either body against ICP8 to alter the mobility or disrupt any of d1-2-infected or n59r (ICP27)-infected C33A cells and the E2F-dependent DNA binding activities (M.J.H. and assayed for levels of NFkB, Sp1, and ATF/CREB using S.L.B., unpublished observation), suggest that ICP4, probes containing cognate factor binding sites (see Ma-ICP27, and ICP8 are not physically associated with the terials and Methods). The results presented in Fig. 7 complexes. We conclude that an induction mechanism confirm previous reports of elevated NFkB activity and a requiring the function of the regulatory proteins ICP4 and slight increase in Sp1 activity, but revealed little or no 27, and the onset of viral DNA replication, is required for change in ATF/CREB as a result of wild-type infection. E2F induction. Since these proteins have distinct funcThe identity of the NFkB activity was confirmed by the tional targets within the regulatory cascade of viral gene ability of both p50 and p65 monoclonal antibodies to expression, as well as a common target in regulating or supershift the gel shift bands (A. S. Baldwin and S.L.B., participating in viral DNA replication, it remains possible unpublished observations). Of particular interest was the that additional viral genes responsive to ICP4, -27, or the ability of d301 to support an increase in NFkB but not onset of viral DNA replication, e.g., efficient expression of E2F or Sp1 gel shift activities, and to cause a reduction g 1 proteins, may contribute to the E2F induction process.
in the amount of ATF/CREB. The ICP27 mutants caused Based on results with n504r, however, expression of g 2 either a minimal increase in NFkB, consistent with a genes is not required for E2F induction.
previous report (Golden et al., 1992) or a decrease in ATF/CREB. Taken together these results suggest that Infection by HSV differentially effects cellular infection differentially effects DNA binding activities of transcription factors Sp1, NFkB, and ATF/CREB several additional transcription factors dependent on the functional status of viral encoded regulatory proteins and The failure of certain HSV mutants to induce E2F activities argues strongly that nonspecific effects of infection in a pattern distinct from that of E2F.
CREB having a major role in promoter activation and being unaffected by viral infection (see Fig. 7 ). Also presented in Fig. 8 are results with a second set of CAT reporters containing minimal P2 promoter sequences from the c-myc gene (Mudryj et al., 1990) , one of the normal cellular targets of E2F. In these reporters both upstream (divergent) and downstream (near consensus) E2F sites were either intact (pMyc) or mutated (pMyc x ). In addition, this promoter contains a Sp1 site just upstream of the near consensus E2F site, and was intact in both reporters. Both constructs were induced approximately twofold following HSV infection, and there was significantly greater constitutive and induced activity in the absence of E2F sites. Assuming that basal expression from the c-myc promoter represents the net effects of both E2F and Sp1 sites, our interpretation of resulting in repressor function.
Activity of E2F-responsive promoters following HSV DISCUSSION infection
The mechanism of HSV-induced alterations to E2F Heteromeric E2F complexes containing p107 or pRB are activities reported to be functionally repressive rather than inactive, while free E2F is functionally active (Bagchi et al., 1989;  We have presented evidence that HSV can induce forms of E2F DNA binding activity which are normally Yee et al., 1989; Arroyo and Raychaudhuri, 1992; Hamel et al., 1992; Hiebert et al., 1992; Weintraub et al., 1992; Zaman- seen late in G 1 and at the G 1 /S phase boundary, namely p107/E2F and free E2F (Figs. 1 and 2 ). The induction ian and LaThangue, 1992; Flemington et al., 1993; Schwarz et al., 1993) . Experiments were designed to determine process was rapid and depended on expression of functional forms of the viral encoded proteins ICP4 and 27, whether and how HSV-induced increases in both these E2F activities correlated with the activity of two sets of E2F-and replication proteins such as ICP8, polymerase, and UL5 (Figs. 4 and 5) . Genetic analyses of IE ICP4 and 27 responsive CAT reporter genes. The first contained Ad E2 promoter sequences (Fig. 1, and Loeken and Brady, 1989) , and DE ICP8 have defined positive roles for these proteins in the expression of viral genes as well as the onset either intact (WT) or mutated in either the ATF site (ATF 0 , from which the probe used in our gel shift studies was of viral DNA replication. A simple interpretation of our studies with viral mutants is that ICP4 and ICP27 are derived [see Figs. 1A and 3A] ) or both E2F sites (E2FX2 0 ). All three AdE2-based reporters exhibited comparable conrequired because of their role in regulating the expression of delayed-early proteins, among them, ICP8. The stitutive activity (Fig. 8) , and both WT (containing ATF/CREB and E2F sites) and E2FX2 0 (containing only the ATF/CREB latter, in turn, plays a critical role both in DNA replication (Conley et al., 1981; Challberg, 1986;  de Bruyn Kops and site) reporters evidenced little change in activity following infection. The ATF 0 reporter (containing only E2F sites) Knipe, 1988) and the regulation of L, primarily g 2 , gene expression . By immunofluoreshowever demonstrated as much as an eightfold repression following infection by HSV. These results are consistent cence staining, ICP8 has been colocalized in nuclei with both pRB and p53 (Wilcock and Lane, 1991) . Other studwith a model in which the E2F sites are mediating repression, to a large degree in the absence of an ATF site (ATF 0   ) ies using similar experimental approaches have also localized ICP8 in prereplicative compartments which also and less so in its presence (WT), due to the increase in p107/E2F activity following superinfection. The fact that prostain for areas of active cellular DNA synthesis (de Bruyn Kops and Knipe, 1988) , and later during the infectious moter activity of E2FX2 0 is elevated relative to the other constructs following superinfection is consistent with ATF/ cycle with replicative proteins of the virus (Bush et al.,
ucts of the viral E2 gene . Since the domains of E1A, LTAg, and E7 proteins responsible for disrupting pRB/E2F also are critical for the transforming ability of these DNA tumor viruses, the oncogenic properties of these viruses may stem largely from their ability to disrupt cyclical interactions between transcription factors and tumor suppressor gene products. The induction of p107/E2F or pRB/E2F by these viruses has not yet been reported, but would not be inconsistent with induction of free E2F (this report and Kovesdi et al., 1986; Schwarz et al., 1993) . Nor would it be inconsistent with their ability to induce S phase, or at the very least to disrupt normal cell cycle regulation. One could imagine, for example, that the transition to S phase requires certain E2F-responsive genes, and thus their cognate E2Fs, be activated, while other E2F-responsive The ability to displace E2F from p107 or pRB is a whole cell extracts were prepared and equal amounts of protein were common property of the DNA virus oncoproteins. In conassayed for CAT activity as described under Materials and Methods.
trast, CMV infection of normal human fibroblasts results
Reporter genes contained promoter sequences from either the Ad E2 gene or the c-myc gene as described in the text. Each bar represents in elevated levels of the p107/cyclinA complex without the average and standard error for at least three independent experiaffecting levels of free E2F (Wade et al., 1992) . HSV inments. Striped bars, constitutive (mock-infected) activity; filled bars, duces both free E2F and p107/E2F (this report) as well infected cell activity.
as pRB/E2F in normal diploid fibroblasts and U2OS cells (M. J. Hilton and S. L. Bachenheimer, unpublished observations). The ability of nuclear replicating DNA viruses to 1991). As a consequence of initiating viral DNA replicaalter the activity of E2F or its interactions with regulatory tion, the ability of pRB, p107, or E2F to form proteinproteins likely reflects a common requirement for cellular protein or protein-DNA interactions may be altered, thus functions activated in late G 1 or at the G 1 /S phase boundaffecting the cell cycle status of the cell and the distribuary, and presumably involved in DNA replication. Viraltion and amount of E2F complexes. Several mechanisms specific effects on E2F likely reflect differences in the can be envisioned for these alterations: (i) the localization pathobiology of each of these viruses. of the replication proteins into discrete nuclear sites and/ or alterations in nuclear structure resulting from DNA replication; (ii) phosphorylation of E2F, which regulates A role for G 1 -phase-activated cellular functions in its interactions with pRB and p107 and with DNA (Bagchi HSV replication et al., 1989; Buchkovich et al., 1989; Chellappan et al., HSV encodes both cis-regulatory and trans-acting fac-1991; DeCaprio et al., 1992; Dynlacht et al., 1994; Krek tors necessary for viral DNA replication. These include et al., 1994; Suzuki-Takahashi et al., 1995) may be tarorigins of DNA replication and seven proteins which geted by g 1 functions whose levels in turn are regulated serve as components of the replication machinery (Chalby the onset of DNA replication; and (iii) the regulation lberg, 1986). While viral encoded replication proteins may of specific g 1 target genes by ICP27 (Rice and Knipe, be sufficient to promote limited or early phases of DNA 1990; Rice et al., 1989 Rice et al., , 1993 may affect E2F localization, replication, additional factors required for normal geinteractions with other proteins, or binding to DNA.
nome replication likely need to be supplied by the cell (Challberg and Kelly, 1989) . One mechanism for ensuring Comparison of herpesvirus and DNA tumor virus that cell-encoded replication factors are available for infection on E2F DNA binding activities high level viral DNA replication would be to promote G 1 cell cycle events. Papova-and adenoviruses, which Adenoviruses, papovaviruses, and papillomaviruses disrupt or modify pRB/E2F complexes as a consequence encode no or a limited number of DNA replication functions, respectively, rapidly induce unscheduled cellular of their strategies for establishing permissive conditions for viral DNA replication. In addition, free E2F in a com-DNA replication after infection (reviewed by Challberg and Kelly, 1989) in order to supply the factors required plex with one of the adenovirus E4 proteins positively regulates expression of the DNA polymerase, singlefor their own DNA replication. Herpes simplex virus, in contrast, rapidly inhibits DNA replication after infection stranded DNA binding protein, and terminal protein prod-INDUCTION OF E2F COMPLEXES BY HSV of asynchronously growing cell cultures (Roizman and the virus promotes G 0 to G 1 progression with the resulting expression or activation of G 1 functions followed by effiRoane, 1964) and prevents cells infected in the G 1 phase from entering S phase (de Bruyn Kops and Knipe, 1988) . cient DNA replication. Our results on the functional consequences of inducThe apparently contradictory needs for late G 1 functions for DNA replication and a complete and functional viral tion of both active and repressive forms of E2F DNA binding activities (Fig. 8 ) lend support to an alteration DNA replication machinery in order to see E2F induction can be reconciled by proposing that only early steps or in cell cycle status especially with regard to the c-myc promoter construct. This is clearly a complex area for an early phase of viral DNA replication can occur prior to changes in cell cycle status as represented by E2F investigation since the E2F-responsive, adenovirus E2 promoter was repressed in response to HSV infection. induction, and that complete and high level DNA replication requires both promoting G 1 events and preventing These apparently disparate results could easily reflect differences in the promoter contexts of the reporter transition of the G 1 /S phase boundary. The block in G 1 to S phase progression and induction of elevated levels genes. The combinatorial nature of the subunit structure of E2F is also a complicating factor since at present the of E2F complexes containing p107 by HSV are in fact reminiscent of the G 1 arrest imposed as a result of ecprecise nature of the E2F factor responsible for normal regulation of any E2F target gene is unknown. E2F partictopic overexpression of p107 or pRB (Hinds et al., 1992; Zhu et al., 1993) .
ipates in the positive and negative regulation of cell cycle progression genes and other genes expressed during Replication during the acute phase of infection of dorsal root ganglia and reactivation from latency by HSV G 1 and S phase (LaThangue, 1994; , making it a convenient and informative indicator of more global occurs in terminally differentiated postmitotic neurons. Since the G 0 environment of the neuron is generally not changes occurring during the G 1 to S phase transition. Thus the rapid and unscheduled increases in free E2F thought capable of supporting DNA replication, it seems reasonable to suggest that HSV may promote exit from and p107/E2F activities observed after HSV infection may reflect mechanisms for creation of a mid-to late-G 1 envi-G 0 , allowing reentry and progression through G 1 , perhaps as far as the R (restriction) point (for a review, see ronment, optimal for viral DNA replication, and precluding cell DNA replication. Weinberg, 1995) . This in turn would lead to expression or activation of cellular functions, normally required for
We cannot exclude the possibility at this time that E2F has a direct role in the regulated expression of HSV chromosomal DNA replication, but now redirected toward efficient replication of viral DNA. A model for regulagenes. Our future investigations will be directed toward this point as well as toward functional consequences of tion of viral gene expression during latency (Kosz-Vnenchak et al., 1993) was proposed to explain the reduced HSV infection for E2F-responsive cellular genes, identifying any additional viral encoded proteins in the inducexpression of IE and DE genes in trigeminal neurons, when viral DNA replication was impaired. The authors tion pathway, and determining whether cyclin-dependent kinase activities are altered after infection. suggested at least two possible mechanisms to explain the requirement for viral DNA replication in order to achieve optimal IE and DE gene expression and conse-ACKNOWLEDGMENTS quently a productive reactivation event: (i) amplification 
